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ABSTRACT
In this thesis, a novel scanning micromirror is introduced in which a thin layer of lithium niobate
(few micrometer thick) is utilized as both as the structural material and the actuating
piezoelectric medium. In this novel monolithic design, the conventional composite torsional
hinges are avoided. The finite element simulations performed and reported in here indicate
that the proposed design offers a superior performance in terms of higher scan angle and linear
angle control compared to the existing solutions for the same dimensions. The simulation
results predict an optical scan angle of 125.6⁰ at a resonant frequency of 550 Hz using a driving
voltage of 10V under an assumed Quality factor (Q=70).
An inexpensive miniaturized 3D imager is the key component which ensures safe and reliable
driving and enables the mass production of self-driving vehicles of the future. Light detection
and ranging (LIDAR) technology– the current standard of 3D imaging- has already proven to be
invaluable for development of the concept self-driving cars. However, in its current form, it
doesn’t meet all the requirements of large scale industrialization. Hence, there has been a
growing demand for a miniaturized LIDAR system, which is the broad focus of this thesis.
Micro-electro-mechanical-systems (MEMS-) based micromirrors are considered as one of the
potential technologies for miniaturization of the LIDAR. The electrostatic, electromagnetic and
piezoelectric principles are the commonly used actuation techniques in MEMS. Due to its
considerable benefits such as high efficiency, low actuation voltage, miniaturization, and
linearity, piezoelectric actuation is the optimum choice for this objective.
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In this work, it is postulated that thin film single crystalline lithium-niobate is a promising
candidate for implementation of the scanning micromirrors not only for its high
electromechanical efficiency, but also for the unique piezoelectric properties which enables
rotary actuation in a monolithic layer.
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CHAPTER 1

INTRODUCTION

Self-driving car is the next big revolution in the automotive industry aiming to achieve zerocasualty in road transport [1]. Traditionally, vehicles have been designed with passive safety
such as seat belts, airbags etc. to protect the occupants in case of an incident. Nowadays, in
addition to passive safety, vehicles have advanced safety features that aid driver in preventing
the occurrence of crash. These active safety features are collectively called as advanced driver
assist systems (ADAS). Although ADAS helps in improving safety, human error is still a major
factor in causing accidents [2]. In an effort to achieve ultimate safety on roads, ADAS is
evolving towards self-driving technology with complete vehicle autonomy.
ADAS is a sensor-based solution (sensors, actuators, control units and integrated software) that
enables the vehicles to monitor its surroundings and respond to them [3]. Currently, it acts as a
set of warning systems that assist driver with specific functions like lane-departure assist, blind
spot detection, adaptive cruise control etc. It is not capable of delivering fully autonomous
experience in its current form and has to evolve to perform more functions as shown in figure
1. In order to realize autonomous driving intelligence, these systems need advanced sensors
that are capable of capturing an accurate, high resolution and extremely detailed 3D map of the
surroundings of the vehicle – i.e. 3D sensing and imaging.
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Figure 1 Functional role of sensors in an Automated vehicle [4]

At present, 3D sensing and imaging is addressed by three major technologies – camera, radio
detection and ranging (RADAR) and light detection and ranging (LIDAR). While camera seems to
be elegant, it has following limitations: a) sufficient illumination is mandatory at night, b)
requires additional pattern recognising software to process the acquired image, and c) does not
perform well in bad weather. Second, RADAR, which uses radio waves for sensing offers limited
bandwidth. Therefore it is not an efficient solution for autonomous driving. Lastly, LIDAR
overcomes the limitations of camera and RADAR in the following ways: a) provides seamless
operation during day, night and on all weathers b) produce 5D information (x, y, z and
reflectivity) of the surrounding which is easily processed by vehicle’s computer, and c) offers
large bandwidth necessary for autonomous driving. In conclusion, LIDAR is the most promising
candidate in many ways [5, 6], [7].
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LIDAR is an optical remote sensing technology that measures distance to a target by
illuminating with laser. Reflected laser pulses from multiple points on the target can be used to
reconstruct 3D digital image. In the past, LIDAR has been used in space [8], atmospheric physics
[9], geology [10], forestry [11], archaeology [12], and mining [13]. Most recently, it is being used
in self-driving prototype cars to test autonomous navigation and proved to be successful in
navigating the car without accident. Its implementation in these prototypes is built using
mechanical scanners which rotate a mirror using motors as shown in figure 2. These are bulky,
power hungry, expensive and incapable of meeting requirements of large scale industrialization
[14]. Hence, there has been a growing demand to find a miniaturized LIDAR with low power
consumption and low cost.

Figure 2 (a) Schematic of LIDAR model [15] and (b) image of same LIDAR [14].

An inexpensive miniaturized LIDAR solution has an immense array of potential applications in
addition to self-driving like unmanned aerial vehicle (UAV), industrial robots, medical devices
and defense applications etc. That brings us to two competing technologies that have the
3

potential to meet the requirements of miniature LIDAR and enable mass production – Optical
Phased Array and Micro-Electro-Mechanical systems (MEMS) based scanning micromirror (i.e.
microscanner).
An Optical Phased Array (OPA) is a solid state device that works on the principle similar to
microwave phased array (MPA). In case of MPA, the beam direction is controlled by tuning the
phase relationship between arrays of transmitters. Whereas, in case of OPA, optical beam
steering is enabled in different directions by controlling and regulating the speed of light
passing through the microstructural waveguides. OPAs can achieve very stable, rapid, and
precise beam steering due to absence of inertial components. However, it has limitations such
as high power consumption, scaling restrictions, low scan angle and complex fabrication [16].
MEMS are transducer systems –i.e. sensors or actuators – that can either sense or control
quantities which are mechanical, optical, acoustic, chemical or thermal in nature. In case of
sensors, they can generate electrical signal in correlation to the quantity being sensed. In case
of actuators, they can control quantities using an electrical signal. The miniaturization demands
propelled by ‘More than Moore paradigm’ had led to evolution of MEMS and found its
commercial success in sensors (inertial, pressure) [17], actuators (digital mirror displays) [18]
and communication (RF Filters) [19]. It is also actively being researched for applications in
various fields such as Medical (Drug delivery system) [20], Optics (optical switching) [21], and
Automotive (gas sensing, LIDAR) [22] [23] .
Microscanner is a microactuator system that is used for driving micromirror. It has been
researched for display systems for past two decades. In recent times, it has gained substantial
4

interest as an attractive solution for miniature LIDAR, due to its small size and low power
features. Additionally, with MEMS proving its commercial success, MEMS based microscanner
has an edge over the OPA.
In this thesis, we are proposing a monolithic microscanner using novel actuation strategy based
on thin film Lithium Niobate (LN) as actuating piezoelectric material. A complete account of
introduction, background, design, simulation, results and conclusion will be presented in five
chapters. In chapter 1, introduction with motivation for the work is discussed. In chapter 2, a
background for various types of microactuators that have been implemented to drive
micromirror is summarized. In chapter 3, our proposed design is presented. In chapter 4, details
of simulations is described and the results are discussed. In chapter 5, we are concluding this
work along with its future scope.
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CHAPTER 2

BACKGROUND

Scanning micromirror controls the spatial position of the laser beam in LIDAR system. It works
on the principle of fly spot scanning, where a rotating mirror steers the beam of light from a
laser source towards the area to be scanned. When the mirror is rotated, the reflected beam
moves over an angle twice the angle of mechanical rotation of the mirror.

Figure 3 Scanning principle of microscanner

The visual representation of the relation between rotation angle and optical scan angle is
shown in figure 3 and the mathematical proof of the same is as follows:
Consider the mirror is at rest position (OO). Let the angle of incidence∠𝐼𝐼𝑜𝑜 𝑋𝑋𝑁𝑁𝑜𝑜 = 𝛼𝛼, which

implies the angle of reflection∠𝑁𝑁𝑜𝑜 𝑋𝑋𝑅𝑅𝑜𝑜 = 𝛼𝛼. Now, consider the mirror is rotated by an angle θ

(O’O’). The normal also moves over the same angle θ i.e. ∠𝑁𝑁𝑜𝑜 𝑋𝑋𝑁𝑁𝑜𝑜′ = 𝜃𝜃 . Since the laser beam

is from fixed source, the incident rays (Io, Io’) in both cases are the same. Hence, in this case, the
angle of incidence∠𝐼𝐼𝑜𝑜′ 𝑋𝑋𝑁𝑁𝑜𝑜′ = ∠𝐼𝐼𝑜𝑜 𝑋𝑋𝑁𝑁𝑜𝑜 + ∠𝑁𝑁𝑜𝑜 𝑋𝑋𝑁𝑁𝑜𝑜′ = 𝛼𝛼 + 𝜃𝜃. So, the angle of

reflection∠𝑁𝑁𝑜𝑜′ 𝑋𝑋𝑅𝑅𝑜𝑜′ = 𝛼𝛼 + 𝜃𝜃 .
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⟹ ∠𝑁𝑁0′ 𝑋𝑋𝑅𝑅𝑜𝑜 = ∠𝑁𝑁𝑜𝑜 𝑋𝑋𝑅𝑅𝑜𝑜 − ∠𝑁𝑁𝑜𝑜 𝑋𝑋𝑁𝑁𝑜𝑜′ = 𝛼𝛼 − 𝜃𝜃.

⟹ ∠𝑅𝑅𝑜𝑜 𝑋𝑋𝑅𝑅𝑜𝑜′ = ∠𝑁𝑁𝑜𝑜′ 𝑋𝑋𝑅𝑅𝑜𝑜′ − ∠𝑁𝑁𝑜𝑜′ 𝑋𝑋𝑅𝑅𝑜𝑜 = (𝛼𝛼 + 𝜃𝜃) − (𝛼𝛼 − 𝜃𝜃) = 2𝜃𝜃.

In other words, the angle of mechanical rotation of the mirror determines the scanning area of
the system, accordingly larger rotating angle translates to scanning a wider area. Several
microactuators have been designed over the past decade for driving micromirrors. These are
designed primarily based on three actuation principles – electrostatic, electromagnetic, and
piezoelectric. Each principle has its own advantages and disadvantages and the suitable one has
to be chosen based on the application. Very few works have been published under thermal
principle. Hence, ignoring thermal, microactuator based on other principles will be discussed in
detail in the following sections.

2.1 Electrostatic Actuation (ES)
This was the earliest and the most matured actuation principle used for out-of-plane rotation of
mirrors. It works on the principle of electrostatic attraction of parallel plates. There are two
main configurations developed under this principle: Parallel plate actuation (PPA) and Vertical
comb drive actuation. In case of PPA, the micromirror is supported by two torsional bars
mounted on anchors that are fixed to substrate. The application of voltage between electrodes
on bottom of the mirror and on top of the substrate creates torsional rotation as shown in
figure 4. This is a primitive version of the electrostatic actuation which demands high voltage
for its operation and offers limited scan angle [24].
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Figure 4 Schematic diagram of PPA torsional micro-mirror - 3D image and cross sectional view from [25]

Another configuration of electrostatic actuation is staggered vertical comb (SVC) drive. It was
developed as an advancement to better the performance of parallel plate actuation. It contains
two arrays of interdigitated comb teeth at different heights with one movable and the other
fixed to substrate as shown in figure 5(a). It has proved to achieve larger scan angle than PPA
for a given voltage [26]. But the alignment between upper comb teeth array and fixed comb
teeth array is highly critical. A slight misalignment can lead to instability in its operation [27].
Though a self-alignment fabrication process was proposed to overcome this issue, still it adds
complexity in fabrication [28]. Angular vertical comb (AVC) drive is a variant of SVC where
movable comb teeth is fabricated at an initial angle as shown in figure 5(b). ES actuation
provides long term stability, size advantages, and CMOS compatibility. But suffers from varied
disadvantages such as high voltage requirement, strict requirements of fabrication tolerance,
and inherent nonlinearity in operation.
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Figure 5 (a) Schematic of staggered vertical comb drive (SVC) from [27] (b) Schematic of Angular vertical comb drive
(AVC) from [29]

2.2 Electromagnetic Actuation (EM)
It works on the principle of electromagnetic forces - Lorentz force and magnetostatic force.
There are two configurations that are prominently used under this actuation – a) Moving coil
which uses Lorentz force, and b) Moving magnet which uses magnetostatic force. On the
former one, a mirror with coil is placed in the vicinity of external magnetic field as shown in
figure 6(a). On the latter one, a magnet is attached to the mirror or a ferromagnetic material is
coated on it and an off-chip coil is used to actuate as shown in figure 6(b).

Figure 6 (a) Schematic of moving coil EM actuation from [30] (b) Schematic of moving magnet EM actuation from
[31]
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When compared to ES actuation, EM actuation can provide a large torque and fast response
time [32]. But each configuration has its own limitation. The moving coil type has a high
conducting current carrying coil which consumes relatively high power and exhibits a large
thermal dissipation [33]. The moving magnet type requires a strong magnet which occupies
significant space increasing the overall size of the chip. Hence, ferromagnetic coating was
proposed to replace magnet on the mirror. However, magnetization direction of coated
ferromagnetic material requires permanent magnet. Additionally, both the types require
magnetic shielding to avoid interferences [34].

2.3 Piezoelectric Actuation
It works on the principle of electro-mechanical transduction exhibited by piezoelectric
materials. These are linear elastic materials which generate electrical charge on the application
of mechanical stress and produce mechanical strain on the application of voltage. The
mechanical to electrical coupling is termed as direct effect while the electrical to mechanical is
termed as converse effect. These properties stem from their crystalline structures, where the
center of positive charges and the center of negative charges do not coincide, resulting in a
dipole. The overall direction resulting from the summation of direction of diploes from each
crystal is called polarization and it attributes to the macroscopic behaviour of these materials.
The piezoelectric effects are mathematically characterized by general constitutive equations as
shown below.
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𝐷𝐷 = 𝑑𝑑 𝑇𝑇 + 𝜀𝜀 𝑇𝑇 𝐸𝐸

(1)

𝑠𝑠 = 𝑆𝑆 𝐸𝐸 𝑇𝑇 + 𝑑𝑑𝑡𝑡 𝐸𝐸

(2)

Where D is electrical displacement (C/m2), T is stress (N/m2), εT is permittivity (F/m) at a
constant stress, E is electric field, S is strain, sE is compliance at a constant electric field and d is
piezoelectric constant (C/N). In these equations, stress (T6x1), strain (S6x1) and electric
displacement (D3x1) are vectors, and the material properties are expressed in tensor forms. The
general constitutive equations expanded in full matrix form is as shown below.

𝑑𝑑11
𝐷𝐷1
�𝐷𝐷2 � = �𝑑𝑑21
𝐷𝐷3
𝑑𝑑31

𝑠𝑠1
𝑆𝑆11
�𝑠𝑠2 � = �𝑆𝑆21
𝑠𝑠3
𝑆𝑆31

𝑑𝑑12
𝑑𝑑22
𝑑𝑑32

𝑆𝑆12
𝑆𝑆22
𝑆𝑆32

𝑑𝑑13
𝑑𝑑23
𝑑𝑑33

𝑆𝑆13
𝑆𝑆23
𝑆𝑆33

𝑑𝑑14
𝑑𝑑24
𝑑𝑑34

𝑆𝑆14
𝑆𝑆24
𝑆𝑆34

𝑑𝑑15
𝑑𝑑25
𝑑𝑑35

𝑆𝑆15
𝑆𝑆25
𝑆𝑆35

𝑇𝑇1
⎡𝑇𝑇 ⎤
𝜀𝜀11
𝑑𝑑16 ⎢ 2 ⎥
𝑇𝑇
𝑑𝑑26 � ⎢ 3 ⎥ + �𝜀𝜀21
𝑇𝑇
𝜀𝜀31
𝑑𝑑36 ⎢ 4 ⎥
⎢𝑇𝑇5 ⎥
⎣𝑇𝑇6 ⎦
𝑇𝑇1

𝜀𝜀12
𝜀𝜀22
𝜀𝜀32

𝑑𝑑11

⎡𝑇𝑇 ⎤ ⎡𝑑𝑑
𝑆𝑆16 ⎢ 2 ⎥ ⎢ 12
𝑇𝑇
𝑑𝑑
𝑆𝑆26 � ⎢ 3 ⎥ + ⎢ 13
𝑇𝑇
𝑑𝑑
𝑆𝑆36 ⎢ 4 ⎥ ⎢ 14
𝑇𝑇
⎢ 5 ⎥ ⎢𝑑𝑑15
⎣𝑇𝑇6 ⎦ ⎣𝑑𝑑16

𝜀𝜀13 𝐸𝐸1
𝜀𝜀23 � �𝐸𝐸2 �
𝜀𝜀33 𝐸𝐸3
𝑑𝑑21
𝑑𝑑22
𝑑𝑑23
𝑑𝑑24
𝑑𝑑25
𝑑𝑑26

𝑑𝑑31
𝑑𝑑32 ⎤
⎥ 𝐸𝐸1
𝑑𝑑33
⎥ �𝐸𝐸 �
𝑑𝑑34 ⎥ 2
𝐸𝐸
𝑑𝑑35 ⎥ 3
𝑑𝑑36 ⎦

(3 )

(4 )

This actuation is a relatively new actuation that has garnered interests, as the advancements in
thin-film piezoelectric deposition with reliable properties were achieved. It is highly
advantageous over the other actuation principles as it yields high force at a relatively very low
voltage. Additionally, it has several other advantages like miniaturization, linearity in operation,
low power, high efficiency, non-flammable, and immune to magnetic interferences. In general,
piezoelectric actuation is implemented using cantilever beam with one or two active layers and
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one passive layer. The one with a single active layer is called piezoelectric unimorph and the
one with two active layers is called piezoelectric bimorph as shown in figure 7. Both these
structures exhibit a bending displacement upon application of voltage.

Figure 7 (a) Piezoelectric unimorph (b) Piezoelectric bimorph (with or without elastic layer)

Early piezoelectric microscanners used unimorphs to rotate the mirrors. The unimorph was
connected to the mirror using a torsional hinge as shown in figures 8.

Figure 8 (a) Schematic of half-circular bimorph based microscanner from [35] (b) Mode shape from FEM analysis
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The vertical deflection of unimorph is applied to the torsional hinge which in turn rotates the
mirror around the axis of rotation. This primitive design was able to deliver very small scan
angle [35]. As a result, variants of this structure with improvements in design to achieve a larger
scan angle were reported. One such variant was to use cascaded unimorph folded into
meander form as shown in figure 9.

Figure 9 (a) Schematic of 2D microscanner from [36] (b) principle of the meander shaped actuator

The principle of this actuator is to apply voltages of opposite polarities on alternating
cantilevers which will result in upward deflection on one and downward bending on the other.
The deflections of each cantilever are cascaded and accumulated to a larger rotation at the tip
of the actuator. But this scheme requires two voltage sources for its operation [36]. Another
variant of the primitive design was to use bimorph. The bimorph structure results in larger
deflection when compared to unimorph and hence relatively a larger scan angle can be
achieved [37]. Microscanners discussed until now used Lead Zirconated Titanate (PZT) as active
piezoelectric layer owing to its high piezoelectric coefficients. Now, in order to further improve
13

the performance, Niobium doped PZT (PNZT) - an enhancement of PZT material was proposed
to be used in the microscanner, because it generated a deflection twice that of the deflection
generated by undoped PZT. The design based on PNZT is shown in figure 10.

Figure 10 (a) Schematic of 1D microscanner based on PNZT from [38] (b) Mode shape of first resonance

In spite of several advancements to achieve high scan angle reported in PZT based
microscanners, it suffers from several limitations. First, the polarization direction of PZT can be
easily reversed due to its low coercive voltage. As a result, it requires an additional DC bias to
avoid polarization reversal [39]. Second, non-linearity in frequency response is observed for
large scan angles because stiffness of the torsional hinge is non-linear with oscillation
amplitude [40]. It could even break, thereby limiting the reliability of structure. Lastly, PZT
fabrication process is relatively complicated and has poor compatibility with standard CMOS
and MEMS processes.
As an alternate to PZT, to counter fabrication complexities, Aluminium Nitride (AlN) was
proposed as active piezoelectric layer to actuate the micromirror. AlN is easy to deposit and
demonstrates excellent compatibility with IC and MEMS. It does not require additional DC bias
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for maintaining the polarization direction. The reported actuation schemes based on Aluminium
nitride for micromirrors are shown in figure 11.

Figure 11 (a) (b) (c) Schematics of microscanner based on Aluminium Nitride (AlN) from [41-43]

Despite the fabrication advantages, AlN has low piezoelectric coefficient when compared to
PZT. To compensate, these microscanners are operated in resonant mode where the response
is amplified by Q (quality factor) times the static response. Still, the scan angles reported from
above designs were very low. To sum up, microactuators based on these materials either have
a complex design or inadequate optical scan angle. However, piezoelectric based microactuator
with simple film processing technology, high piezoelectric constant and optimized design can
easily achieve better performance than ES or EM.
The performances of various torsional microscanners based on electrostatic, electromagnetic
and piezoelectric (PZT and AlN) are summarised in table 1.
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Table 1 Summary of performances of torsional microscanners

Actuation type

Mirror
Shape

Mirror
Size

DC Bias
(Vdc)
volts

Optical
Scan
Angle
(deg)

Ref

2.2 mm

Resonant Input AC
Frequency Voltage
(V) /
Current
(mA)
24 KHz
380 V

ES-PPA

circular

190

22

[44]

ES-VCA

circular

1.25 mm

11.35 KHz

-

17.16

[45]

EM-Moving coil

circular

3 mm

1.42 KHz

30 V
[Square
wave]
48 mA

-

24.45

[46]

EM-Moving coil

circular

1.5 mm

2.22 KHz

3 mA

-

1.8

[47]

EM-Moving magnet circular

12 mm

1.24 KHz

250 mA

-

26

[34]

EM-Moving magnet rectangular 8x8 mm

37 HZ

5V

-

204

[31]

PIEZO -PZT

circular

500 µm

1.8 KHz

42

6

19.8

[35]

PIEZO-PZT

square

1.3 mm

17.3 KHz

6

10

30

[37]

PIEZO-PZT

rectangular 8.3x2 mm

30 Hz

20

6

21.2

[39]

PIEZO-PNZT

rectangular 1x2 mm

180 Hz

1.3

-

162

[38]

PIEZO-ALN

rectangular 1.9 x 1.7 mm

902 Hz

10

-

8.2

[41]

PIEZO-ALN

square

200 µm

63.75 KHz

5

-

4

[43]

PIEZO-ALN

square

800 µm

1.9 KHz

5

-

51.3

[42]
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CHAPTER 3

DESIGN OF MONOLITHIC MICROSCANNER

In this chapter, in an attempt to overcome the limitations of existing piezoelectric designs and
meeting the specifications of miniature LIDAR, we propose a novel piezoelectric strategy for
driving the micromirror. For the first time, to the best of our knowledge, thin film lithium
niobate (LN) is used as piezoelectric actuating material in the microscanner application. The
specifications of miniature LIDAR, schematics of proposed design, actuating material, and the
principle behind the design will be discussed in detail in the following sections.
The specifications of miniature LIDAR is expressed using three important parameters – optical
scan angle, frequency of operation, and mirror size. The optical scan angle is required to be
greater than 180⁰ to scan a wide area [31]. The frequency of operation is expected to be
between 25 to 100 Hz for capturing enough pixels per frame. An increase in frequency of
operation decreases the angular resolution. LIDAR also requires larger-aperture micromirror in
the order of millimeters to gather more reflected laser signal from the target.
The schematic view of the proposed microscanner is shown in figure 12. A circular mirror is
suspended using two torsional actuator beams. The other end of these beams are fixed to the
substrate. All these structures consist of 1 µm thickness of LN .We chose a minimum thickness
of thin film LN as it could ease the process of etching while fabricating the device for proof of
concept, given the material is relatively inert. The platinum (Pt) metal was chosen as bottom
electrode for better adhesiveness with LN. The top electrode was chosen to be molybdenum
(Mo) due to its superior conducting properties. The thickness of both the electrodes are 100
nm. This stack of Mo-LN-Pt beams constitutes the piezoelectric actuators. These actuators are
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designed to generate rotation torque upon application of voltage using converse effect. The
actuation torque is applied to the mirror, enabling it to rotate around the rotation axis.

Figure 12 Schematics of microscanner actuated by Lithium Niobate (LiNbO3)

3.1 Lithium Niobate as actuating material
Lithium niobate (LN) is a single crystal material with high chemical stability at room
temperature. It is a very interesting material possessing superior physical properties, which
includes piezoelectric, electro-optical, and acousto-optic effects. As a result, it is found to be
useful in a wide array of applications in the fields of optics and acoustics. With respect to
microscanner application, it has high piezoelectric coefficients and high Curie temperature
when compared to AlN. The piezoelectric coefficient matrix of LN and AlN is as follows:-

18

Lithium Niobate (LN):
0
�−𝑑𝑑22
𝑑𝑑31

0
𝑑𝑑22
𝑑𝑑32

0
0
𝑑𝑑33

Aluminium Nitride (AlN):
0
� 0
𝑑𝑑31

0
0
𝑑𝑑32

0
0
𝑑𝑑33

0
𝑑𝑑15
0

0
𝑑𝑑15
0

𝑑𝑑15
0
0

𝑑𝑑15
0
0

2 ∗ 𝑑𝑑22
0
0 0 0 68 −42
𝐶𝐶
0 � = �−21 21 0 68 0
0 � × 10−12
𝑁𝑁
0
−1 −1 6 0
0
0

0
0
0 0 0 4 −0
𝐶𝐶
0� = � 0
0 0 4 0 0 � × 10−12 𝑁𝑁
0
−2 −2 5 0 0 0

3.2 Torsional Actuation
The piezoelectric constant is a measure of mechanical strain experienced by the material per
unit of applied electric field. Higher piezoelectric constant implies larger deflection for a
moderate voltage. In the case of LN, the d15 component of piezoelectric coefficient is very high
indicating a strong electromechanical coupling in the directions of 1 and 5 as shown in figure
13. This coupling can be utilized to generate rotation torque in the direction of 5 by applying
the voltage on the faces of 1.

Figure 13 Direction conventions for normal and shear stresses experienced by piezoelectric crystal
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Exploiting this strong electromechanical coupling factor, an X-cut LN can be used to design an
actuation system to directly impart the rotation torque onto the mirror, thereby eliminating the
need for connectors or hinges. Now, our goal is to model the proposed actuation system that
can rotate the mirror by 2⁰ under static condition. This is due to the fact that the response of
the same actuation system will be amplified by Q (quality factor) times the stationary response
in resonant mode. Modelling is done with the help of finite element analysis (FEM) due to the
complexity involved in the design process, details of which are elaborated in the next chapter.
An illustration of the desired response from the actuator using X-cut LN is shown in figure 14.

Figure 14 Torsional mode shape from FEM Analysis
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CHAPTER 4

SIMULATION AND RESULTS

In this chapter, the proposed design of microscanner is modelled and assessed using
computational modelling. Due to complexity, time and cost involved in fabrication, we
approach this problem using numerical solutions. A commercial finite element analysis software
– COMSOL 5.5 was used. The step by step process involved in the analysis, including geometry
creation, material assignment, physics definition, meshing, optimization studies, and results are
detailed in the following sections.

4.1 Creation of Geometry
The structure proposed in the design was recreated using 3D geometry builder of the software.
It includes three parts - two torsional actuator beams and the micromirror. We started building
geometry with the following assumptions in dimensions. As a proof of concept demonstration,
the mirror size was assumed to be 1 mm in diameter as the size requirement for LIDAR is in the
order of millimetres. The thickness of all the parts were assumed to be 1 µm, as it was the
minimum thickness of the thin film version of lithium niobate that could be developed. Initial
length and width of both the cantilever beams were assumed to be 300 µm and 25 µm
respectively. The initially assumed dimensions of the complete structure are summarised in
table 2.
The mirror was created using single layer cylindrical block. The cantilevers were created using
single layer rectangular blocks with their positions - one on left and another on right of the
mirror. The electrode layers in cantilever beams are ignored to simplify the simulation process.
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Their thickness are usually in the order of nanometres, which is extremely small when
compared to the thickness of piezoelectric layer which is in the order of micrometres. Figure 15
shows the complete structure built using the software.
Table 2 Initially assumed dimensions of microscanner

Mirror Thickness

1 µm

Mirror radius

500 µm

Beam Length

300 µm

Beam Width

25 µm

Beam Thickness

1 µm

Figure 15 Microscanner structure created using 3D geometry builder of COMSOL
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4.2 Material Assignment
Lithium niobate was assigned to the model which by default assigns the material to all parts of
the structure. The predefined properties of the material in the software, which includes
material density, elasticity matrix, coupling matrix, and relative permittivity were used for the
simulations. The orientation of the material is defined by setting normal axis of blocks while
creating geometry. For example, when normal axis of the blocks are set to X-axis implies
material has X-cut orientation. Changing the orientation of the piezoelectric material can be
done by rotating the structure. This can be achieved using rotate feature in geometry. This also
facilitates parametric sweep of range of orientations.

4.3 Defining Physics
The piezoelectricity multiphysics interface was used to simulate the microscanner device. It
couples solid mechanics and electrostatics together with the constitutive relationships required
to model the piezoelectric effect. The simulation of the structure requires setting up of
boundary conditions in each domain. In solid mechanics domain, fixed constraint was applied to
the ends of both the torsional beams mimicking anchored to the substrate. In electrostatics
domain, the top surfaces of both the beams were defined as driving electrode and the bottom
surfaces were defined as ground. Boundary conditions of both the domains are illustrated in
figure 16.
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Figure 16 Boundary Conditions in a) solid mechanics domain b) Electrostatics domain

4.4 Meshing
Meshing is the process of dividing the geometry being modelled into smaller elements. It plays
an instrumental role in how a problem is solved as it determines the following factors: a) how
geometry is divided b) with what element shape is divided c) the size, density and number of
elements in the geometry, and element quality. These factors in turn affect computational
time, amount of memory required, and accuracy of the solution. Hence an appropriate shape
and size of the element should be chosen to efficiently mesh the geometry. There are four basic
elements into which a 3D geometry can be divided, as shown in figure 17.

Figure 17 Basic 3D meshing elements in COMSOL a) tetrahedron b) hexahedron c) triangular prism d) pyramid
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Usually, tetrahedron is the default meshing element but it takes more number of elements to
fill up for a given geometry when compared to hexahedron and triangular prism. For example,
we took a test box with volume 1x1x1 µm3 and divided the volume using basic elements.
Tetrahedron took 16015 elements to fill the volume, prism took 2560 elements and
hexahedron took 1000 elements. The pyramid shaped basic element is used internally by
software and not available for the user to choose. Though hexahedron took the least amount of
elements to divide, it may not be appropriate for cylindrical structure. Hence triangular prism
was used for meshing. This was done by choosing triangular mesh at top of the surface and
sweeping through the volume using swept feature. Figure 18 shows meshing of complete
geometry.

Figure 18 Meshing of microscanner
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The efficiency of meshing can be validated by plotting the quality of elements in 3D as shown in
figure 19. The average elemental quality was 0.96 that indicates the geometry was efficiently
meshed.

Figure 19 Quality of mesh elements

This completes the basic steps required for setting up the model. Now to model the actuation
systems to achieve a 2⁰ rotation of mirror under static condition, various analyses were carried
out which includes electrode configuration, optimum orientation of lithium niobate for pure
torsional rotation, and finally the optimum length and width of torsional beams.

4.5 Electrode Pattern
The area of electrode surface on the actuator plays a crucial role in determining the resulting
mechanical deformation of the beams. Hence, there is a need to understand its role and find
the optimum electrode configuration to induce a pure torsional deformation. To analyse the
impact, we varied the coverage of driving electrode on top surface of both the torsional
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actuator beams as 100 percent, 50 percent and 66 percent as shown in figure 20, and further
determine the resulting deformation mode using simulations.

Figure 20 Coverage of electrode on top surface of the torsional actuator beam a) 100 percent. b) 50 percent d) 66
percent.

The response of microscanner with standard X cut lithium niobate for each configuration was
studied under stationary mode by applying 50V as input. Figure 21 shows the response for 100
percent coverage. It is evident that 100 percent coverage is resulting in bending displacement
with zero torsional component. Hence, the complete coverage may not be an appropriate
electrode configuration for this application.
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Figure 21 Static response of microscanner for 100 percent coverage of driving electrode

Now, the coverage of electrode on top surface was made to 50 percent (half electrode
configuration). This gives two ways of applying voltages - one possible way is to apply voltage
on same side of the electrode surface for both the torsional beams and the other way is to
apply on opposite sides .Figure 22 illustrates both the configurations.

Figure 22 Half electrode configurations a) same side application of voltage b) opposite side application of voltage
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Figure 23 shows responses for both the half electrode configurations. On the same side
configuration, we could observe an uneven rotation of the mirror. Whereas the opposite side
configuration shows symmetrical rotation of the mirror with a small bending component in the
torsional beams.

Figure 23 Static responses for half electrode configuration a) same side application of voltage b) opposite side
application of voltage
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Figure 24 shows the response for 66 percent coverage of electrode surface.

Figure 24 Static response of microscanner for 66 percent coverage of driving electrode

Examining the response, it also shows an uneven rotation of the mirror. From the above static
analysis, we can conclude that half electrode configuration with opposite side application of
voltage is the way to induce torsional mode in the beams. However, the amount of mechanical
rotation is very little, and a bending displacement is appearing in the beam’s response.
Therefore, an optimization study was conducted to find a pure torsional mode in the beam and
in turn to improve the mechanical rotation of the mirror.

4.6 Optimum Orientation of Lithium Niobate for Pure torsion
To find the orientation of the X cut lithium niobate that would provide a pure torsional mode
with zero bending displacement, the structure was rotated anticlockwise from 0⁰ to 360⁰ in Inplane i.e. X cut was rotated along X axis. The half electrode configuration with opposite side
application of voltage was used for actuating the system. The simulation was carried out by
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applying a DC voltage of 50 V and sweeping the defined range of angles using parametric
sweep. Figure 25 shows the displacements of the mirror for four different rotations. It was
observed that the maximum rotational displacement of mirror occurred at 54⁰ rotation of X cut
as shown in the figure.
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Figure 25 Static response for different orientations of LN

4.7 Optimization of Actuator Beam Dimensions
Now, in order to understand the effect of dimensions of the torsional actuator beams in
mechanical rotation of the mirror, we simulated the model by varying one of the dimensions
using parametric sweep while keeping the other dimensions constant. Now, the effect of length
was studied by varying it from 100 µm to 550 µm keeping the width as 25 µm and thickness as
1µm. The response of the model for various lengths are shown in figure 26. It can be
interpreted from the analysis that increasing the length of actuator beams increases the
rotation of the mirror.
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Figure 26 Effect of length of torsional beam on displacement of the mirror

Next, the effect of the width of the torsional beams was studied by simulating the model for a
range of values from 20 µm to 50 µm for the length 300 µm and thickness 1 µm. Figure 27
shows the displacement of the tip of the mirror for various widths. This study shows that
increasing the width decreases the rotation of the mirror.

Figure 27 Effect of width of torsional beam on the displacement of the mirror

33

The effect of thickness of the piezoelectric film was also studied by varying the thickness of
lithium niobate layer from 1 µm to 3 µm. Increase in the thickness of the active piezoelectric
layer decreases the rotation of the mirror as shown in figure 28.

Figure 28 Effect of thickness of the torsional beam on the displacement of the mirror

To conclude, the analysis of the dimensions of the torsional actuator beams shows that we can
choose a minimum length and width based on the requirement of the application and
structural feasibility. Since our goal was to achieve a 2⁰ rotation, we chose a length of 280 µm
and a width of 20 µm. Figure 29 shows the response of microscanner with optimum
dimensions. The displacement in the figure shows to be 18 µm which translates to 2⁰
mechanical rotation of the mirror.
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Figure 29 Static response of microscanner with optimum dimensions

4.8 Impact of driving voltage
To study the role of input driving voltage, a DC voltage varying from 0 to 50 V was applied to
the actuators and the model was simulated with optimum dimensions obtained from the
previous section. Figure 30 shows the static analysis result. It is evident from the graph that the
micromirror exhibits excellent linear relationship with its driving signal at an incremental rate of
0.36 µm/V.
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Figure 30 Static Analysis of microscanner

4.9 Dynamic Analysis
After all the optimization studies, we obtained the specifications of the actuation system to
rotate the micromirror for the intended angle for a given static condition. Now, to understand
the operating modes and gauge the quantitative performance of the modelled microscanner, it
was subjected to eigen mode and dynamic response analysis using COMSOL. The resonant
frequency of the torsional mode was evaluated in the eigen mode analysis. Figure 31 shows the
different mode shapes and its corresponding resonant frequencies of the designed
microscanner.

36

Figure 31 Modal Analysis of microscanner

For the dynamic analysis, an AC voltage of 10 V with frequency ranging from 450 Hz to 650 Hz
was applied. Figure 32 shows the frequency response of the microscanner.

Figure 32 Frequency response of the microscanner

The most important parameter to characterise the performance of microscanner is the optical
scan angle. Hence, the estimation of scan angle was done by simulating the structure with
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resonant frequency obtained from the modal analysis. The q was assumed to be 70 in this case
and voltage of 10 V was used to drive the mirror.

Figure 33 Response of microscanner under resonant actuation.

Figure 33 shows the response under resonant mode. As shown in the figure, a mechanical tilt of
31.4⁰ was achieved by the mirror. This implies the designed microscanner can achieve an
optical scan angle of 125.6⁰ at a resonant frequency of 550 Hz using a driving voltage of 10 V
under an assumed Quality factor (Q=70).
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK
5.1 Conclusions

In this work, we have presented a novel monolithic scanning micromirror with a simplified
design eliminating the conventional torsional hinges. The system utilizes a thin film single
crystalline lithium niobate (LN) for actuation of the micromirror in order to achieve larger
scanning angles with relatively small voltages due to the superior piezoelectric properties of the
LN film. Various optimization studies were carried out using finite element simulation software
to model an efficient actuation electrode and structural design to achieve a high scan angle in
resonant mode. The results from the simulations illustrate superior performance of the
modelled system in terms of higher optical scan angle and linear control. The model
demonstrated an optical scan angle of 125.6⁰ at a resonant frequency of 550 Hz using a driving
voltage of 10V under an assumed Quality factor (Q=70).
The proposed microscanner with high scan angle, moderate actuation voltage and excellent
linear response is a promising step towards realising a goal of inexpensive miniaturized LIDAR
systems and various other miniature applications.

5.2 Future Work
The proposed model has to undergo next steps of the research cycle to convert it into a
miniature LIDAR. The next steps of the research cycle are as follows.
a) To validate our simulation results, a fabrication process flow for the prototype was designed
and tested by developing a batch of devices. The SEM picture of the proposed microscanner is
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shown in figure 34.We are currently in the process of fabricating second set of devices
incorporating the learnings from the first batch.

Figure 34 SEM image of proposed microscanner

b) Once the devices are ready, measurements of various parameters of the device such as
resonance frequency, quality factor, and optical scan angle have to be evaluated.
c) The analysis of first set of measurements can be utilized to determine the scope of further
improvements in the design.
d) The final step would be to study the challenges of integrating the prototype into an optical
scanner and evaluate the overall performance of the system.
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